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Abstract. This paper focuses on major issues related to
the data reliability and network performance of 20 broad-
band (BB) stations of the Czech (CZ) MOBNET (MOBile
NETwork) seismic pool within the AlpArray seismic exper-
iments. Currently used high-resolution seismological appli-
cations require high-quality data recorded for a sufficiently
long time interval at seismological observatories and during
the entire time of operation of the temporary stations. In this
paper we present new hardware and software tools we have
been developing during the last two decades while analysing
data from several international passive experiments. The new
tools help to assure the high-quality standard of broadband
seismic data and eliminate potential errors before supplying
data to seismological centres. Special attention is paid to cru-
cial issues like the detection of sensor misorientation, timing
problems, interchange of record components and/or their po-
larity reversal, sensor mass centring, or anomalous channel
amplitudes due to, for example, imperfect gain. Thorough
data quality control should represent an integral constituent
of seismic data recording, preprocessing, and archiving, es-
pecially for data from temporary stations in passive seismic
experiments. Large international seismic experiments require
enormous efforts from scientists from different countries and
institutions to gather hundreds of stations to be deployed
in the field during a limited time period. In this paper, we
demonstrate the beneficial effects of the procedures we have
developed for acquiring a reliable large set of high-quality
data from each group participating in field experiments. The

presented tools can be applied manually or automatically on
data from any seismic network.

1 Introduction

The long-term experience of some of the authors with
passive-experiment data processing encourages the team to
summarize the tools we have been using for testing and im-
proving seismic data quality and which might be of interest
to a broader community. The necessity of data quality con-
trol is evident nowadays and several procedures are applied
automatically in data centres, e.g. MUSTANG software in
IRIS, which identify data errors in the centre databases. Our
endeavour is to identify data errors and correct them when
possible, before supplying data to the centres. Data quality
control before experimental data archiving is of great impor-
tance.

Data from passive seismic experiments of different lat-
eral extent and a dense station distribution became a cru-
cial source of information for the modern Earth interior re-
searches. USArray (www.usarray.org) or IberArray (http:/
iberarray.ictja.csic.es/; Diaz et al., 2010) represent the large-
scale temporary networks, whereas for example TRANSALP
(Lippitsch et al., 2003) or BOHEMA (Plomerova et al.,
2007) belong to small-scale passive experiments in cen-
tral Europe. Participants of the AlpArray project, the Euro-
pean collaborative geoscience initiative, deployed the largest
network of temporary broadband (BB) stations ever per-
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Figure 1. Broadband stations of the MOBNET pool involved in the AlpArray project: (a) in the network of the AlpArray-EASI complemen-
tary project (2014-2015) and (b) in the AlpArray Seismic Network (AASN). The broadband stations of the complete AASN cover the area
within 250 km distance (outer white curve) from the smoothed 800 m altitude line of the Alps (inner white curve). The array consists of 623
stations including 30 ocean-bottom seismometers (OBS) in the Ligurian Sea.
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Figure 2. Schematic map of major tectonic units of the Bohemian
Massif and seismic stations of the MOBNET pool involved in the
network of the AlpArray-EASI complementary project (blue cir-
cles) and the AlpArray Seismic Network (AASN, green circles) of
the AlpArray project. CRSN — Czech Regional Seismic Network
(Institute of Geophysics, 1973); WEBNET — West Bohemia Seis-
mic Network (Institute of Geophysics, 1991).
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formed in Europe (AlpArray Seismic Network, 2015; www.
alparray.ethz.ch). The project focuses on the structure and
evolution of the lithosphere—asthenosphere system beneath
the greater Alpine area — the Alps and their forelands and
thus it requires intensive international cooperation in data
gathering. The northern foreland of the Alps is formed by
the Bohemian Massif (BM), the easternmost outcrop of the
Variscan belt of the European plate. The project makes use
of seismological as well as associated Earth-science data for
better understanding the geodynamics of the greater Alpine
area and its seismic hazard. The area, studied by genera-
tions of geoscientists, comprises the orogenic system, where
two large plates (Europe and Africa) have converged and
interacted over time with several micro-plates of oceanic
and continental provenances (Kissling et al., 2006; Handy
et al., 2010 for reviews). In addition to the Alpine struc-
ture itself, the Alps—Apennines, Alps—Dinarides and Alps—
Bohemian Massif contacts in depth are of particular interest
within the AlpArray study. In addition to structural studies
related to the orogenic system dominating Europe with the
use of associated Earth-science data (such as gravity, elec-
tromagnetics, geology), several other topics such as seis-
motectonics and earthquake hazard belong to the core of
the project. Various seismological methods, including to-
mography, ambient noise analysis, and receiver functions,
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considering anisotropy in all three types of investigations,
as well as in shear-wave splitting analyses, will be ap-
plied. The depth range of scientific investigations encom-
passes the crust and the mantle lithosphere, down to the
lithosphere—asthenosphere boundary (LAB), as well as the
sub-lithospheric upper mantle.

To achieve the objectives of the project, it is necessary to
apply various geological-geophysical imaging methods on
data recorded by a homogeneous network of broadband seis-
mic stations in the greater Alpine area (Fig. 1). Although the
area is in some parts densely covered by permanent seismic
observatories, their distribution is far from homogeneous.
Therefore, the distribution of ~ 360 existing permanent sta-
tions has been complemented by ~ 260 temporary BB sta-
tions to create a relatively dense network of unprecedented
large scale in Europe, with a homogeneous station spacing
of about 52km. The station spacing and station location is
designed in such a way that for any site in the Alpine region
there is always a station of the AlpArray Seismic Network
(AASN) at a distance up to ~30km. The temporary seis-
mic network of such a large extent requires intensive col-
laboration between many institutions (currently more than
45 institutions from 17 countries), the combination of indi-
vidual national-institutional seismic pools of temporary sta-
tions, and coordination of their deployment, following the
high-level maintenance and experienced handling. Thanks
to the large extent of the array and density of the stations,
the results from seismic tomography and several other tech-
niques applied to data collected during the unique passive
experiment will shed light on the detailed 3-D architecture of
the crust and upper mantle from the Earth’s surface down to
~ 600 km of this extremely complicated orogenic region.

The AlpArray area, set as a region delimited by a 250 km
distance from the 800 m altitude isoline surrounding the
Alps, covers a large portion of the Czech (CZ) part of the
Bohemian Massif. Ten BB observatories of the Czech Re-
gional Seismological Network (CRSN), one permanent BB
station of the West Bohemia Seismic Network (WEBNET)
along with 20 temporary BB stations from the pool of seis-
mic stations MOBNET (MOBile NETwork) of the Insti-
tute of Geophysics of the Czech Academy of Sciences (IG
CAS), cover the area with the spacing required (Fig. 1).
Apart of the AASN, which is the backbone of the AlpAr-
ray project, the MOBNET stations were involved in the Al-
pArray Eastern Alpine Seismic Investigation (EASI) com-
plementary project (coded XT in the European Integrated
Data Archive, EIDA; AlpArray Seismic Network, 2014). The
additional 10 stations have been operational since June 2017
in another complementary project, AlpArray IVREA (coded
XK in the European Integrated Data Archive). The Czech
team is responsible for the deployment and maintenance of
the MOBNET stations included in the Czech part of the
AASN (coded Z3 in the European Integrated Data Archive
system, www.fdsn.org/networks/detail/Z3_2015/), as well as
for the completeness and correctness of the seismic data
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recorded in the AlpArray-EASI complementary experiment
and transferred to the EIDA centres.

The main purpose of this paper is to describe technical
parameters of the MOBNET stations, to present newly de-
veloped control units for setting sensor and data acquisition
systems (DAS), and to document the significance of careful
data quality control, which could help other groups in addi-
tion to those involved in the AlpArray project in preparing
their seismic data for archiving. Special attention is paid to
the detection of sensor misorientation, timing problems, in-
terchange of components and/or their polarity reversal, mass
centring problems, or anomalous channel amplitudes due to
an imperfect gain. Maintaining the high quality of archived
seismological data is crucial for the success of the AlpArray
project, as well as of any passive seismic experiment.

2 Deployment of MOBNET stations within the
AlpArray project

The first integration of the 20 MOBNET stations into the Al-
pArray project had been realized during the Eastern Alpine
Seismic Investigation project, which was the first imple-
mented AlpArray complementary experiment (Table 1; see
Fig. 1). The AlpArray-EASI transect was composed of 55
broadband seismic stations. They operated from July 2014
to October 2015 and were configured in a zigzag pattern on
either side of the central longitude line of 13.35°E, with a
north—south distance between stations of 10 km. The transect
spanned a 540 km long region, between the Ore Mountains
at the Czech—-German border in the north and the Adriatic
Sea, near Trieste in the south. The distance from each station
to either side of the central line was ~6km. We followed
the general recommendations of the technical strategy of the
AlpArray project (www.alparray.ethz.ch), including the tem-
perature insulation of sensors. We kept the stations within
1.5 km of the target location if topographic, field, and infras-
tructure conditions allowed.

The northernmost stations AAEO1-AAE20 (Fig. 2) of
the MOBNET pool involved in the AlpArray-EASI network
were equipped mostly with the Streckeisen STS-2 seismome-
ters, with two CMG-3T and three CMG-3ESP seismome-
ters, and with the GAIA DAS. The stations were installed
preferably in vaults of castles/chateaus, churches, or suitable
abandoned buildings. Figure 3 shows an example of a sta-
tion location, seismometer installation, the quality of the site,
noise level, etc. Supplement Figs. S1-S19 give the same de-
tailed information for the remaining 19 MOBNET stations
employed in the AlpArray-EASI network. Following the no-
tation of Molinari et al. (2016), we can characterize the lo-
cations as an urban free-field site and only exceptionally as a
building site (Table 1). The stations ran at the autonomous
regime and reported their state of health (SOH) daily via
the SMS messages. Altogether, we recorded 280 GB of data
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Figure 3. Example of installation of one of the broadband MOBNET stations in the AlpArray-EASI complementary experiment. In addition
to the photo-documentation of the installation of the AAEOS station (Manétin), we show its location (upper right), station coordinates and
period of recordings (top panel), and we describe the installation of accessories (GPS antenna) and the bedrock (left panel in the middle).
The central panel shows the probabilistic power spectral density of ambient noise in the vertical component during the first 5 months of the

station registration.

stored in the miniSEED data format which contributed to the
AlpArray-EASI studies.

After the end of the AlpArray-EASI field measurements
in August 2015, 20 MOBNET stations were reinstalled in
the Bohemian Massif as a part of the newly designed AASN
(see Fig. 2). With the exception of AO90A, the stations op-
erate offline. The data from the offline stations are recorded
on flash cards with a capacity exceeding at least 4 times the
space needed for data sampled at a rate of 100 samples per
second and collected at 3-month intervals to be checked and
supplied to the ORFEUS Data Center (ODC) EIDA node.
Similarly to the AlpArray-EASI transect, most of the AASN
CZ sites are classified as urban free-field types (Table 1). Fig-
ure 4 shows the installation of one of the MOBNET stations
and Figs. S20-S38 give detailed information for the remain-
ing 19 MOBNET stations employed in the AASN of the Al-
pArray project. Although the region of the BM is densely
populated with local industrial and agricultural sources of
high-frequency noise, most of the stations meet the requested
noise limits (Peterson, 1993) as it is shown in Fig. 4 for
station AO76A (see also Figs. S20-S38 and 8). Noise ex-
ceeds the limit on vertical components at a long-period range
(T >100s, e.g. S33) only at about 30 % of stations. Some of
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the stations exhibit distinct seasonal variations of noise level,
which results in the exceeding of the noise limit in the long-
period range of the horizontal components (Fig. 5; Wolin et
al., 2015).

Data from the Czech temporary stations, with the access
restricted according to the AlpArray rules, are transferred to
ODC (www.orfeus-eu.org/data/eida/nodes/), while data from
the Czech permanent stations with open access are continu-
ously being stored in GEOFON (http://geofon.gfz-potsdam.
de/). Figure 6 shows the current status of data availability
from the MOBNET stations included in the AlpArray pas-
sive field experiments. In the case of the AlpArray-EASI
complementary project, which ran for 15 months in 2014—
2015, we retrieved 96 % of the data at each station on average
(Fig. 6a). As concerns the ongoing AlpArray project, the data
completeness is 99 % for the MOBNET stations included in
the AASN whose data have been downloaded by September
2017. Several gaps in data were caused by summer thunder-
storms that damaged electrical supplies (Fig. 6b). Although
almost all our stations operate offline, the data completeness
for the MOBNET stations in the AASN is similar to that for
stations in the Austrian or Swiss parts of the AASN with an
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church at Makova Hora (Poppy Mountain).
The upper ground floor is occasionally used
for recreational purposes.
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concrete pillars built on bedrock.

Amplitude [dB]

Z3.A076A.HHZ 2015-09-08 -- 2015-12-01 (6692 segments)

,,,,,,,
T

Kamk

nnnnnnnnn

The GPS antenna is brought out through
the window: 5 m length, S direction, and
open view.

Geomorphology: Bene$ov uplands.
Subsoil: orthogneiss.

Figure 4. Example of installation of one of the broadband MOBNET stations in the AlpArray Seismic Network (AASN). In addition to the
photo-documentation of the installation of the AO76A station (Makova Hora), we show its location (upper right), station coordinates, and
start time of recordings (top panel), and we describe the installation including accessories (GPS antenna) and the bedrock (left panel in the
middle). The central panel shows the probabilistic power spectral density of ambient noise during the first 4 months of the station registration.

online data transmission (Fuchs et al., 2016; Molinari et al.,
2016).

3 Seismometer and GAIA control and calibration
devices

Our broadband temporary stations involved in the AlpAr-
ray project are equipped mostly with broadband seismome-
ters STS-2, several Guralp CMG sensors (Table 1), and
with GAIA data acquisition systems developed by the Vis-
tec company (www.vistec.cz). The hardware of the GAIA
data acquisition systems supports seismometer control, but
the firmware we use does not allow it. First, our AlpAr-
ray stations operate autonomously (they are not connected
to the internet) and, second, a technician servicing a station
often does not need to use a computer for data collection.
For these reasons and to assure a high-degree reliability of
the seismometer—DAS pairs’ performance, we have devel-
oped four special control devices for seismometers of differ-
ent types and one for the GAIA DAS. In general, these boxes
generate pulses into the systems and compare the amplitudes
of the input and output signals. The devices enable the cali-
bration of the sensors and data acquisition systems, as well as
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the checking of the in situ gain of all the individual compo-
nents and polarity of the recorded signal. The hardware check
facilitates the identification/verification of any malfunction
of the systems and enables their immediate treatment, often
directly in the field. These devices have been developed in re-
sponse to our experience, which was gained during the pre-
ceding experiments. We applied the devices during station
installations, regular servicing, or during detection of station
malfunction by a software quality check. In the future, they
can be used before station deployment together with the Hud-
dle test of the instruments. Nevertheless, some malfunction-
ing can occur during station operation and, therefore, regular
checks during station services are recommended.

3.1 Guralp host box (CMG-3T, CMG-3ESP, and
CMG-3ESPC)

The Guralp host box developed in our laboratory (Fig. 7a) be-
comes an integral constituent of our CMG-3T, CMG-3ESP,
and CMG-3ESPC seismometers. It connects the seismome-
ter and the GAIA DAS and it is an analogy of the standard
handheld unit produced by the Guralp company, or the host
box of the STS-2 seismometer. The standard Guralp host box
allows fundamental handlings of the seismometer, which are

Geosci. Instrum. Method. Data Syst., 6, 505-521, 2017
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Table 1. List of Czech temporary stations from the MOBNET pool involved in the AlpArray-EASI complementary experiment (network
code XT) and the AlpArray Seismic Network (AASN, network code Z3).

Network ~ Station  Latitude Longitude Elevation (m) Site name Housing type Sensor ground Sensor Data logger ~ Start time End time
XT AAEO1  50.6075 13.4320 590  Hora Svaté Katefiny adit concrete on bedrock  STS-2 120s GAIA-2T 2014-07-23  2014-11-21
- - - - - - - - STS-2 120s Quan330S  2014-11-21  2015-10-22
XT AAE02  50.5107 13.2526 843 Hora Svatého Sebestidna  building/cellar concrete STS-2 120s GAIA-1 2014-06-24  2015-09-03
XT AAEO03  50.4306 13.4300 305 Drouzkovice building concrete CMG-40T 30s GAIA-1 2014-06-24  2015-09-03
XT AAE04  50.3545 13.2588 388  Uhost'any church stone floor STS-2 120s GAIA-3 2014-07-26  2015-09-12
XT AAEO5  50.2522 13.3696 301  Krasny Dvir castle stone floor STS-2 120s GAIA-12T  2014-07-01  2015-08-25
XT AAE06  50.1747 13.2520 545  Vale¢ castle/cellar stones in cement CMG-3T 120s GAIA-1,2T  2014-07-01  2015-08-25
XT AAE(07  50.0733 13.4219 455 Ostrovec church stone floor STS-2 120s GAIA-1 2014-07-01  2015-09-03
XT AAEO08  49.9910 13.2322 409  Manétin castle concrete STS-2 120s GAIA-1 2014-07-17  2015-09-23
XT AAE09  49.8890 13.4135 493 Obora church tiles on concrete STS-2 120s GAIA-1 2014-07-04  2015-10-02
XT AAE10  49.7998 13.2509 353 Ceminy castle concrete STS-2 120s GAIA-1,2 2014-07-04  2015-09-12
XT AAEIl  49.7030 13.4692 345  Stary Plzenec church stone floor STS-2 120s GAIA-1 2014-06-20  2015-10-02
XT AAEI2  49.6045 13.2629 360 DneSice building/cellar concrete STS-2 120s GAIA-1 2014-07-10  2015-10-02
XT AAE13  49.5289 13.4547 480  Lézné Letiny building tiles on concrete STS-2 120s GAIA-1 2014-06-20  2015-10-02
XT AAE14  49.4427 13.2495 386  Dolany church tiles on concrete STS-2 120s GAIA-2 2014-07-04  2015-09-12
XT AAELS  49.3648 13.4141 680  Zdeborice church stone floor STS-2 120s GAIA-1 2014-07-17  2015-09-13
XT AAE16  49.2642 13.2193 643 Dépoltice church tiles on concrete STS-2 120s GAIA-1 2014-07-10  2015-09-13
XT AAE17  49.1554 13.4379 890  Dobrd Voda church brick floor CMG-3ESP30s  GAIA-1 2014-06-17  2015-09-14
XT AAEI18  49.0982 13.2165 685  Schwellhdusl cellar concrete STS-2 120s GAIA-1 2014-08-28  2015-09-10
XT AAE19 489712 13.4825 1175 Bfeznik building tiles CMG-3ESP 30s  GAIA-1 2014-06-16  2015-08-29
XT AAE20  48.8896 13.2981 615  Eppenschlag building concrete STS-2 120s GAIA-1 2014-08-21  2015-09-10
Z3 AO71A  49.7419 12.6911 502 Staré Sedlisté church stone floor CMG-3T 120s GAIA-1 2015-10-27  operating
73 A072A  49.4683 13.1735 495  Chudenice castle/cellar stones in cement STS-2 120s GAIA-2T,1  2015-08-27  operating
73 AO073A  49.9916 13.2331 407  Manétin castle/cellar stones in cement STS-2 120s GAIA-1 2015-09-23  operating
73 A074A  49.6715 13.5309 385 Kozel building tiles on concrete STS-2 120s GAIA-1 2015-10-02  operating
73 AO075A  50.0377 13.8737 285  Kifivoklit building concrete STS-2 120s GAIA-1 2015-10-06  operating
73 AO076A  49.6168 14.1494 532 Makova Hora church concrete on bedrock CMG-3T 120s GAIA-1 2015-09-08  operating
YA AO077A  49.2705 14.0739 370  Kestiany castle/cellar protrusion wall CMG-3ESP 30s  GAIA-1,3 2015-11-03  operating
Z3 AO78A  48.8640 14.2845 1060 Klet’ urban free field concrete CMG-3ESP 30s  GAIA-1 2015-10-20  operating
73 AO079A  49.2288 14.7074 438  Drachov church stone floor STS-2 120s GAIA-1 2015-10-15  operating
73 AO080A  49.6840 14.9288 502  Loreta building concrete STS-2 120s GAIA-1 2015-10-12  operating
73 AO081A  50.0752 15.0341 228  Dobfichov building stones in cement STS-2 120s GAIA-1 2015-09-25  operating
73 A082A  50.0610 15.6502 220 Zivanice church concrete STS-2 120s GAIA-1 2015-10-08  operating
VAl AO83A  49.6959 15.6077 573 Cachotin church tiles on concrete STS-2 120s GAIA-1 2015-10-16  operating
Z3 AO84A  48.9434 15.7007 403 Bitov castle tiles on concrete STS-2 120s GAIA-1 2015-09-22  operating
Z3 AO85A  49.4392 16.1962 458  Strazek church tiles on concrete STS-2 120s GAIA-1 2015-10-07  operating
73 AO086A  49.8528 16.1457 391  Nové Hrady castle/cellar stone on bricks STS-2 120s GAIA-1 2015-09-19  operating
z3 AO087A  49.7049 16.8893 430  Bouzov castle tiles on concrete STS-2 120s GAIA-3 2015-09-19  operating
Z3 AO088A  49.4303 17.2911 211 Tovacov castle concrete STS-2 120s GAIA-1 2015-09-24  2017-04-19
- A088B  49.4305 17.2919 208 - - stones in cement - - 2017-04-19  operating
VAl AO089A  49.1521 17.0920 263  Nesovice castle/cellar concrete STS-2 120s GAIA-1 2015-11-08  operating
VAl A090A  49.3655 17.8278 659  Maruska underground shelter ~ concrete in soil CMG-3ESP 30s  GAIA-1 2015-09-24  2015-12-02

- CMG-40T 30s GAIA-1
- CMG-3ESP 30s  GAIA-1

2015-12-02  2016-04-06
2016-04-06  operating

the lock—unlock function of pendulums, their centring, and
a calibration with the use of an external signal. On top of
the fundamental handlings, the Guralp host box developed in
our laboratory enables the application of the built-in source
of the calibration signals (Dirac and rectangular pulse func-
tions). The busy LED light indicates the status of the seis-
mometer. The host box is equipped with a connector for the
Guralp control and calibration unit (see Sect. 3.2) or for a
remote seismometer control (e.g. via GSM).

3.2 Guralp control and calibration unit (CMG-3T,
CMG-3ESP, and CMG-3ESPC)

This device (Fig. 7b) enables the display of the positions of
the pendulums and the calibration of the seismometer by the
unit rectangular pulse signal or the Dirac delta pulse. It also
has an input for an external calibrating signal of an arbitrary
shape. The polarity of the calibrating signal can be changed
and the signal size can be altered in two levels. There is a
rotary switch between the calibration mode and the display
mode of pendulum positions of the Z, NS, and EW compo-
nents. A push button centres the pendulums. The Guralp con-
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trol and calibration unit is plugged into the Guralp host box
connector.

3.3 Guralp centring unit (CMG-40T)

The Guralp centring unit (Fig. 7c) was developed for seis-
mometer pendulums without electronic centring, e.g. CMG-
40T. The unit displays pendulum positions of individual
components and thus enables their manual centring. For the
pendulum position checking, it is necessary to disconnect the
seismometer from the DAS and to connect the Guralp cen-
tring unit. The deviation of the pendulum from the central
position is proportional to the mass position voltage. The po-
sition of the pendulums of the Z, NS, and EW components
is selected by a switch. Pendulum centring requires the mass
position voltage close to zero. The unit has a built-in accumu-
lator, which supplies energy to the seismometer during the
control. The accumulator voltage is measured in the fourth
position of the switch. In the case of insufficient accumulator
capacity, the accumulator can be plugged in via an external
charger. The Guralp centring unit, developed for seismome-
ters with only a manual pendulum centring, can also be used
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Figure 5. Probabilistic power spectral density (PPSD) on the HHE
horizontal component of the AAEQ1 station of the AlpArray-EASI
experiment. Branching of the PPSD reflects both diurnal and sea-
sonal variations of noise, and this is clearly visible in both the high-
frequency and in the low-frequency bands, respectively. Noise level
during the summer period is low and far below the required noise
level (20 dB below the New High Noise Model, NHNM, upper grey
curve; Peterson, 1993) even for periods larger than 10s, whereas
during winter time noise exceeds the limit of 10 dB below NHNM
for periods larger than 30s.

for the pendulum position check of the seismometers with
electronic control, but in such cases, the centring unit does
not enable the correction of the pendulum position.

3.4 STS-2 control and calibration unit

The STS-2 control and calibration unit (Fig. 7d) has been
developed for centring pendulums and for calibrating the
Streckeisen STS-2 seismometers. The device is connected to
the host box provided by the seismometer producer. The host
box forms the integral part of the system, through which the
STS-2 seismometers are controlled and powered. The host
box has two connectors. The first one is used to connect the
digitizer; the second one (marked as “monitor”) serves to re-
motely control and monitor the seismometer via the STS-2
control and calibration unit. This unit displays the positions
of the pendulums for the U, V, and W components, or it can
be switched to show offsets of the standard Z, NS, and EW
components of the output signal. The unit is equipped with a
button to automatically centre the pendulum position (auto-
zero push button) connected in parallel to a similar button in
the host box. The 120s/1 s switch of the control and calibra-
tion unit changes modes between the broadband and short-
period regimes.

Each of the U, V, and W components can be calibrated
separately with the unit rectangular signal or the Dirac delta
pulse. There is also a switch for an external calibrating signal
of an arbitrary shape, e.g. of a sinusoidal signal. If the com-
ponents are calibrated together, the calibration currents and
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their polarities are chosen so that the output signals (compo-
nents Z, NS, and EW) have the same amplitudes and polari-
ties. This procedure guarantees the correct functioning of the
seismometer.

3.5 GAIA gain and calibration unit

The GAIA gain and calibration unit (Fig. 7e) checks and cal-
ibrates inputs into the GAIA DAS, but it can be used for
the calibration of any type of digitizer as well (Kinemetrics,
Nanometrics, Ref Tek, Guralp, etc.) after being equipped
with the corresponding connector reductions. The unit en-
ables the calibration of analogue inputs to check the correct
order of the channels, to determine intensity of cross talks
between the channels, and to measure channel amplification
and sensitivity (a voltage corresponding to the LSB — least
significant bit). The number of channels undergoing calibra-
tion and channel polarity can be changed. The calibration is
done by a defined voltage jump. For the calibration of the
analog inputs, we can use a differential or a single-ended
mode. In the differential mode, the voltage is connected be-
tween inputs marked as +IN and —IN. In the single-ended
mode, the calibrating voltage is connected to ground (GND)
and +IN or —IN. The built-in generator of sawtooth-shape
calibrating voltage serves for an assessment of the linearity
of the analog-to-digital conversion.

4 Data quality control and assurance

The high level of data quality has to be stable during a long
time interval for seismological observatories and for the en-
tire time of operation of the temporary stations within the
passive experiments. Data quality control represents the nec-
essary steps to achieve and maintain the high quality level of
recorded data. We differentiate between (1) in situ controls
with technical equipment, applied during station installation
and servicing, and (2) subsequent software controls, applied
to downloaded data.

4.1 Seismic noise

The measure of seismic ambient noise level is nowadays a
standard procedure when searching and selecting sites that
are suitable for station installation. Therefore, we measured
noise at each site before a station installation for a short time.
Once a station is installed, the noise level has to be frequently
checked to monitor potential changes in conditions of the
recordings or to detect technical problems at the station. Ac-
cording to the AlpArray working group requirements, the av-
erage noise level should be 20 dB lower than the New High
Noise Model (NHNM; Peterson, 1993) on all components
within the 1-10 Hz frequency range. In the long-period range
(30-200 ), the same noise level is required only for the ver-
tical component. Because ambient noise is usually higher in
the horizontal components, the average noise level is recom-
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Figure 6. Data completeness of the MOBNET stations in the AlpArray projects: (a) in the AlpArray-EASI complementary field measure-

ments and (b) in the ongoing AlpArray experiment.

CMG host box CMG centring unit

CMG control and
calibration unit

Figure 7. Control and calibration units developed for the broadband
seismometers and the GAIA DAS to guarantee the high quality of
recorded data.
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mended to be only 10 dB less than the NHNM. To follow the
ambient noise level, we use the seismic probabilistic power
spectral density procedure (PPSD) by McNamara and Bu-
land (2004) and Custodio et al. (2014), which is a part of the
ObsPy module (Krischer et al., 2015).

Figure 8 shows the PPSD medians for all MOBNET sta-
tions deployed in the AlpArray-EASI and AASN networks.
While the noise level for periods below 1 s fulfils the noise re-
quirements for most of the stations and for the three compo-
nents, noise in the horizontal components for periods longer
than 10 s is often higher, especially in winter, but still accept-
able for temporary deployments. One has to bear in mind
that a compromise between optimal site conditions and the
required array geometry has to be accomplished. Thus, at
the short-period range, we have to accept higher noise level
at some sites, where human activity is higher (e.g. AAE03
located in an administrative building in a village). Micro-
seisms dominate a period interval of 1-10s in central Eu-
rope and also increase in winter. The broadband seismome-
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Figure 8. Medians of the probabilistic power spectral density (PPSD) of seismic noise at the MOBNET stations involved (a) in the AlpArray-
EASI complementary experiment and (b) in the AlpArray Seismic Network (AASN). The grey thick lines mark the New Low and New High
Noise models (NLNM and NHNM; Peterson, 1993). The thick red line (AlpArray high noise limit, AAHNL) marks the upper limit of the

recommended noise level below the NHNM.

ters are sensitive to several external effects, especially in
the range of longer periods. The most significant of these
are the temperature changes, either diurnal or seasonal, and
pressure fluctuations. An enhanced insulation of seismome-
ters might decrease the effects, particularly on the horizontal
components. Therefore, seismometer insulation plays an im-
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portant role in ensuring the high-quality data. The majority
of our stations are installed in vaults with only small tem-
perature variations, which could directly influence the seis-
mometer pendulums. On the other hand, there are also in-
direct effects of temperature, particularly an inclination of
bedrocks or buildings. Most of our stations are equipped with
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Figure 9. The waveform similarity method showing the interchange of the EW and Z components (a) at the AAEOS station. Daily amplitude
means (b) of all three components at the AAEOS station during June—July 2015 indicate the interchange of all three components. Vertical

dashed lines show dates of station servicing.

the STS2 seismometers with three pendulums in 120° ori-
entation. The 120° orientation means that there are no ver-
tical and two horizontal orientations of pendulums. These
are reconstructed from the original 120° pendulums. There
is no reason why two reconstructed horizontal components
should be more affected by direct temperature changes than
the Z component reconstructed from movements of the three
pendulums. Only two of our stations, AO90A and AQ78A,
are located outside a building, where temperature changes
can be significant. These stations exhibit the highest noise at
the long-period range along with the AO82A station located
above loess around the Elbe river. However, we also observe
a similarly high long-period noise at station AO81A, which is
in a vault and well insulated. The lowest noise at longer pe-
riods is observed at station AO76A, where the seismometer
is in about a 3.5 m deep shaft dug in a rock below the build-
ing and thus experiences minimal temperature variations or
other jamming. On the other hand, the seismometer of station
AO084A is also located in almost ideal conditions inside a cas-
tle, in a vault space near a rock outcrop, but in spite of that the
station exhibits relatively high noise in the long-period range.
Noise is generally higher in the EW components than in the
NS components in our region (Fig. 8). The sources of these
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effects are complex and not all of them are clear. Dominant
western winds could probably increase the noise registered in
the EW components. Although we are not able to determine
all sources of long-period noise, we can exploit the difference
in noise levels in the horizontal and vertical components as
one of the tools to decipher the potential interchange of the
components, as we describe below.

4.2 Sensor orientation

The exact orientation of seismometers in the geographic co-
ordinate system is one of the most important tasks during sta-
tion installations. Misoriented sensors negatively affect the
results of the procedures based on modern three-component
seismological observations and can lead to false interpreta-
tions (Ekstrom and Busby, 2008; Vecsey et al., 2014; Wang et
al., 2016). The determination of the northward direction has
been routinely performed for years with the use of standard
compass, with the best accuracy being £5° in the case of no
magnetic disturbances in the nearby surroundings. However,
such accuracy is no longer sufficient. The top-level current
practice is the orientation of seismometers with the use of
the high-precision optical gyrocompass measurements dur-
ing a station installation and the repetition of the measure-
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Figure 10. The Rayleigh-wave polarization-angle method show-
ing the differences between the Rayleigh-wave polarizations and
theoretical back azimuths (BAZ) depending on the BAZ of earth-
quakes; (a) linear dependence of the difference identifies the polar-
ity reversal of the NS component. The polarization of waves arriving
from the east or west is not affected by the reversed NS component.
Station PA10 of the PASSEQ experiment 2006-2008 (Wilde-Piérko
et al., 2006; Vecsey et al., 2014) is used as an example; (b) the con-
stant difference of ~ 180° corresponds to the polarity reversal of
both horizontal components at the AQ77A station of AASN.

ments during station services. Repeated measurements are
desirable to avoid any seismometer misorientation resulting,
for example, from an accidental shift of the sensors by a per-
son or an animal or due to nearby strong lightning strikes,
which we have observed at some stations. The higher accu-
racy in the orientation of seismometers towards the north can
be achieved only with the optical gyrocompass. However, the
device is expensive and therefore still not very commonly
used. Being aware of that, we have provided the gyrocom-
pass for measurements in other regional subarrays (e.g. in
Slovakia, Austria, and Hungary) of the AlpArray project to
achieve the correct sensor orientation.

To determine the correct sensor orientations, one can use
the Rayleigh-wave polarization-angle method (e.g. Stachnik
et al., 2012), in which differences between the Rayleigh-
wave polarizations and their theoretical back azimuths are
plotted depending on event origin times. Of course, this
method cannot be as precise as measurements with the opti-
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cal gyrocompass. Rueda and Mezcua (2015) found only 1-5°
differences between the northern estimate by the Rayleigh-
wave polarization method and the gyrocompass measure-
ments of the north for long-term data series at observato-
ries. In the case of shorter time intervals the accuracy of the
Rayleigh-wave polarization method is low (can exceed 10°)
and thus only large sensor misorientation can be detected.
For the determination of the exact moment of the change
in sensor orientation, the Rayleigh-wave polarization-angle
method can be combined with plots of daily amplitude
means. After determining a day when the sensor happens to
be accidentally misoriented, one has to search for sudden am-
plitude changes in the data, which cannot be connected with
the seismic signal.

When installing our stations for the AlpArray-EASI tran-
sect, we oriented the seismometers carefully, but only with
the use of a standard compass. Later we checked the orien-
tation of all sensors with an optical gyrocompass. We have
found deviations larger than 5° from the true north at 9 of the
20 stations (Table 2, first measurements) and extremely large
deviations in orientation at two of them (AAE13 N =282°
and AAEO4 N =341°). The first deviation of —78° in the
north determination can be attributed to an error which oc-
curs when the STS2 sensor-orienting rod is installed in the
north-facing direction instead of the east-facing direction.
The reason for the wrong seismometer orientation in the
AAEO04 station is unknown. The seismometers at two other
stations, AAE13 and AAEL1S, significantly changed their ori-
entation during the experiment by 8 and 7° (the fifth column
in Table 2), respectively. We have used the Rayleigh-wave
polarization-angle method for a rough estimate of a moment
when the orientation of the sensors has been changed and of
daily means and signal plots for setting the exact time of the
sensor reorientations.

The sensors in all our stations involved in the currently
running AASN network (A071-A090) have been installed
with the use of our gyrocompass and their orientation is reg-
ularly checked. During about a 1-year period of the array op-
eration, we recorded three unwanted changes in sensor ori-
entation due to human intervention. In addition to the neces-
sary sensor reorientation on the spot, previous inaccuracies
in sensor orientations have been corrected in the metadata.
In the case where the deviation in the seismometer orienta-
tion is larger than 5°, the horizontal N and E components are
renamed to components 2 and 3, respectively, according to
the SEED reference manual (FDSN, 2012, http://www.fdsn.
org/media/_s/publications/SEEDManual_V2.4.pdf).

4.3 Timing issues

Correct timing is crucial for studies based on exact arrival
times of seismic waves. Incorrect time decreases the accu-
racy of picking arrival times of individual phases and causes
a false phase identification or a complete loss of data. Here
we address three important timing problems: the leap sec-
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Table 2. Sensor orientation during the AlpArray-EASI complementary experiment measured by gyrocompass. The largest differences are in

bold.
EASI stations  First measurement  Second measurement  Third measurement  Difference
(CZ) (degree) (degree) (degree) (degree)
AAEO1 359.9 359.9 - -
AAEO02 7.4 0.4 0.4 0
AAEO03 4.0 359.8 0.7 0.9
AAE04 - - 340.8 -
AAEO05 357.1 359.3 0.6 1.3
AAE06 3.2 0.9 0.9 0
AAE07 355.6 0.4 2.6 2.2
AAEO08 358.0 0.6 0.8 0.2
AAEQ09 2.1 0.3 359.6 —0.7
AAEI10 8.7 0.4 3.1 2.7
AAEl11 5.2 0.7 359.5 —1.2
AAE12 2.9 0.7 359.5 —1.2
AAE13 282.0 0.7 352.3 —8.4
AAE14 2.3 359.5 357.2 -23
AAE15 3.2 359.9 3594 —-0.5
AAE16 2.2 3594 0.5 1.1
AAE17 6.2 0.2 0.8 0.6
AAE18 7.2 0.4 6.9 6.5
AAE19 6.0 359.8 359.6 —-0.2
AAE20 3.5 0.2 04 0.2

First measurements: checking original towards north orientation of seismometers determined during station installation with the
use of a standard compass. Second measurements: towards the north reorientation of sensors with the gyrocompass.
Third measurements: check of sensor orientation at the end of registration. Difference: difference between the third and second

measurements.

ond recorded with a delay, switch between the UTC and GPS
times, and malfunction of an oscillator tuning the station time
or loss of time synchronization for a time period.

The first item — the leap second — is introduced into the
Coordinated Universal Time (UTC) usually once or twice
per year in order to keep the UTC time close to the mean
solar time. The leap second is usually applied at midnight
while clocks in data acquisition systems are being synchro-
nized later, for example, with a 30-90 min delay. Moreover,
the leap-second correction is applied at individual stations
differently, because the times of their synchronizations differ.
It is thus necessary to apply the leap second exactly at mid-
night (00:00) for all temporary stations before data archiving.
Surprisingly, we have found a case when even a permanent
observatory, out of Bohemian Massif, kept the uncorrected
time for about 1 month.

The second item — the switch between the UTC and GPS
times — can arise due to the wrong synchronization of the in-
ner time (UTC) of a station and the GPS time. This can hap-
pen when the coordinated universal time in the “almanac”,
transmitted by satellites, disappears from the memory of a
station due to a number of reasons (e.g. low voltage of in-
ner battery, incorrect satellite signal recorded). Existing time
gaps and overlaps in miniSEED data can be calculated from
the time of the first sample, number of samples, and sampling
rate in each miniSEED block. Then the appropriate time shift
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is applied in miniSEED data for the identified time interval.
Currently, the UTC and GPS times differ by 18s. Such time
shift can last for several hours or a full day and thus needs to
be corrected.

Timing errors of 1 s or smaller are not clearly evident dur-
ing routine seismological analyses but can be revealed from
station “log” files, if provided by the registration system.
Small time shifts can occur as a result of improper time syn-
chronization due to the loss of the GPS signal or due to the
failure of the oscillator tuning the station time. This third
item is a more complicated issue and it allows only an ap-
proximate time reconstruction. A failure of the oscillator tun-
ing can cause a jump or a linear increase in timing errors
in data. However, such difficulties should occur only excep-
tionally. If they happen and we are able to identify such prob-
lems and reconstruct the real timing, it is necessary to correct
times directly in the miniSEED data, which is a more com-
plex task than applying corrections in the metadata. The same
concerns a reconstruction of the correct time after a loss of
the time synchronization. When checking our data, we have
found an oscillator failure at station AO87A, which resulted
in a final time error of 0.18 s during 8 days in October 2015.

Keeping exact time in seismic data is a delicate issue.
However, severe errors due to asynchronous application of
the leap seconds or due to switches between the UTC and
GPS times can be identified and corrected automatically in
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Figure 11. Seismometer gain check by the ambient noise gain method. Gain imperfection can be identified from monthly averages of
normalized power spectral ratios. Both panels show that either gain of the EW component or gains of both the NS and Z components are not
correct. To decide which amplitudes are correct and which are not, one has to check the gain of each component of the sensor—-DAS pair with

the calibration units, as described in Sect. 3.

any data set, including the entire AlpArray data set. Small
time changes must be solved individually.

4.4 Interchange of components and polarity reversal

Sometimes results from different studies dealing with wave-
forms raise a suspicion that the components of seismograms
are interchanged and/or the polarities reversed. Although the
case is rare, we found it several times in different data sets,
including data from permanent observatories. Surprisingly,
the component interchange can occur during station opera-
tion, e.g. twice in the AlpArray stations until now. The sim-
plest way to verify the correct identification of the three com-
ponents is a comparison of waveforms for a selected strong
teleseismic event recorded on several nearby stations, which
we call the waveform similarity method (Fig. 9a). Several
other methods can be used as well, e.g. a visualization of
daily means of signal amplitudes, sometimes called offsets
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(Fig. 9b), or a comparison of noise levels in the vertical and
horizontal components in PPSD. In the case of correct com-
ponent identification, the noise level in the vertical compo-
nent should be lower than that in the horizontal components.
Correction of interchanged components can be done either in
the metadata or preferably directly in the miniSEED data.
Reversed polarity of components, arising from differ-
ent technical reasons, is not as rare as one would expect.
We identified polarity reversals using the manual wave-
form similarity method for nearby stations. We can also use
a single-station method that is based on a semi-automatic
search of Rayleigh-wave polarization (the Rayleigh-wave
polarization-angle method) originally developed for verifica-
tion of sensor orientation. Differences between the Rayleigh-
wave polarization and the theoretical back azimuths are plot-
ted against the theoretical back azimuths (Fig. 10). If only
one horizontal component is reversed, the differences change
linearly between —180 and +-180°. The zero difference re-
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flects the fact that the reversed component does not play any
role in the component summation and identifies the compo-
nents with the correct polarity (see Fig. 10a; the EW compo-
nent is the correct one). In the case of the reversed polarity
on the Z component, or if both horizontal components are re-
versed, the differences between the Rayleigh-wave polariza-
tions and the theoretical back azimuths attain values around
180° for all back azimuths (Fig. 10b). Moreover, we have
also identified an interchange of both horizontal components
in combination with their polarity reversals. This compli-
cated case can be solved by the combination of both meth-
ods mentioned above and by a careful analysis of the results.
Similarly to the component interchange, the component re-
versal can be corrected either in the metadata or preferably
in the miniSEED data.

4.5 Gain imperfection

Anomalous signal amplitudes due to imperfectly set gains on
one or more components are not very frequent in comparison
with the sensor misorientations, but the danger of imperfect
gains is similarly large for data analysis procedures. We can
recognize anomalously large or low recorded amplitudes in
two ways: first, by means of technical devices, such as con-
trol and calibration units (see Sect. 3), and, second, by means
of software methods applied on recorded seismic signals.
One possible software inspection of the amplitude size
can be based on ambient noise, which is evaluated regard-
less. Moreover, ambient noise is the only continuous signal
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in seismic data. We have implemented a new ambient noise
gain method which compares ratios of normalized power
spectra between the three components in a range of 4-8s.
In this range, the secondary microseisms are substantially
larger than noise from local sources. The directionality of the
microseisms due to different sources is eliminated by nor-
malizing the spectrum of each trace via an average spectrum
calculated over the traces of surrounding stations. The spec-
tra are calculated within different time intervals, e.g. weeks,
months, or a complete time range. The resulting ratios of the
spectra provide a running record of individual channel sen-
sitivity and allow us to follow potential changes in the am-
plitudes in a course of time. In combination with sporadic in
situ gain controls by the Gain and calibration box (Sect. 3.5),
we have reliable control of the potential anomalous size of
recorded amplitudes and thus we can determine when a de-
tected change in the gain occurred. We estimate the precision
of the gain determination by the ambient noise gain method
at 1-2dB depending on the length of the time period anal-
ysed. Tiny variations of the curves in Fig. 11 are within this
limit, but the differences between the curves are stable.

We document a successful use of hardware and software
methods on data from the two seismic experiments. During
the data processing, we have found that the power spectra
of the EW components at stations AAE14 (AlpArray EASI)
and AO87A (AASN) are lower by approximately 11dB
(Fig. 11a). The NS /Z component ratio is close to zero, while
the EW/Z and EW/NS ratios, where the EW component
is involved, are 10 dB lower. Station documentations identi-
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fied that stations AAE14 and AO87A were equipped with an
identical sensor and data acquisition system. Therefore, af-
terwards we tested the gain of each component of the sensor—
DAS pair with the calibration boxes as described in Sect. 3.
The test confirmed the amplitudes recorded in the EW com-
ponent were 3.6 times smaller (20 x log3.6=11dB) than
they should be. The technical error in the acquisition system
was identified and repaired. If such error is identified by an
in situ measurement, then it can be immediately eliminated
(DAS can be repaired or changed, as it was possible in the
case of running station AO87A). Metadata of AO87A for a
previous period, as well as the metadata of the AAE14 station
active in the finished AlpArray-EASI measurements, were
corrected subsequently. In another case we have found that
either the amplitudes on EW components are about 2 times
larger or the gains of the NS and Z components are lower
by ~6dB at stations AAE15 (AlpArray EASI) and AO8SA
(AASN; Fig. 11b). The results of the normalized PPSD ra-
tios are only relative ones. The absolute value — the half-
size gain compared with the declared one — was identified
by an in situ measurement with the use of the STS-2 con-
trol and calibration unit (see Sect. 3.4). The source of the
low gain was localized in a defect cable of the seismometer.
The double-checked gain levels of each component (by the
hardware units and by the software calculating the normal-
ized PPSD ratios) enabled us to reliably correct the gains in
the station metadata files and thus to correct anomalous am-
plitudes.

4.6 Drift of sensor mass position

One of artefacts seen in the PPSD reflects a failure of the
automatic mass recentring of the sensor (McNamara and Bu-
land, 2004). If a seismometer is not able to correct a drift
of the mass position itself, the amplitudes of seismic signals
become saturated. The signal corresponding to such a time
period has a characteristic “flat” spectrum shape (Fig. 12a).
The flat course in an interval of ~0.3-50s differs clearly
from the shape of the noise distribution modulated by sec-
ondary microseisms. The large undesirable drift of the mass
position from its central position limits the dynamic range
of the sensor and, therefore, needs to be identified as soon
as possible. Running information about a sensor mass “drift”
comes from the MAX/MIN amplitude extremes reported by
GAIA DAS in daily SMS reports (see also Fig. 13). In ad-
dition to this metric check, daily means of recorded ampli-
tudes (Fig. 12b) serve as an independent fast and easy tool
for ex-post identification of the mass centring problem. Bet-
ter assessment of the state of health of each station can be
achieved if we complement the daily amplitude means with
their standard deviations and absolute values of daily ampli-
tude extremes (maxima or minima) (Fig. 12c¢).

To summarize the application of different methods of
seismometer—GAIA DAS pair operation and recorded data
quality checking, either by software or hardware tools pre-
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sented above, we plot an optimal workflow in Fig. 13. The
scheme comes from our experience with data from sev-
eral previous passive experiments. Some methods give in-
dications about an error, which requires further verification.
Some of the methods are repeated in time in attempts to de-
tect changes which can occur during station operation and
thus could not be revealed by the Huddle pre-installation test.
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5 Conclusions

We have developed both the hardware and software tools
to contribute reliable high-quality waveform data to passive
seismic experiments. At present, 20 broadband stations of
the Czech MOBNET pool of temporary stations are incor-
porated in the AlpArray Seismic Network. The stations were
also deployed in the previous AlpArray-EASI complemen-
tary experiment. To assure a high-degree of reliability of
the STS-2/CMG-seismometer—DAS pairs’ performance, we
have developed four special control devices for seismome-
ters of different types and one for the GAIA DAS. The de-
vices calibrate both the sensors and data acquisition systems
in situ and allow us to check the gain and the polarity of
all three components. We emphasise the importance of pre-
cise sensor orientation by using a gyrocompass both during
station installations and during its regular checks during the
field measurements. The information extracted from proba-
bilistic power spectral density, spectra ratios, and averages
of daily amplitudes and other parameters, followed by the
designed procedures in routine data processing, allow us to
identify several other problems, e.g. imperfectly set gains, in-
terchange of components and polarity reversals, insufficient
sensor mass centring, and, last but not the least, time issues.
The hardware control in situ and the ex-post software data
checking represent the double check of data quality. The for-
mer removes problems immediately in field, and the latter
allows restoring data back in time, until the moment when
a problem occurred. The fully automated software methods
could be used for the entire AlpArray data set. We believe
that the newly developed control and calibration units for set-
ting sensor—DAS systems and the documentation of the sig-
nificance of careful data quality control with the use of the
software tools could be helpful for other groups participating
in collaborative passive seismic experiments.

Data availability. Data from the MOBNET pool as a part of the
AlpArray project is stored in EIDA (www.orfeus-eu.org/eida/), cur-
rently with restricted access (http://www.alparray.ethz.ch/research/
complementary-experiments/easi/data-acess-citation/ and http:/
www.alparray.ethz.ch/seismic_network/backbone/data-access/).
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